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vABSTRACT
Valve seat inserts are one of the vital part of the valve train in internal combustion
engines, as they are the interface between the valve and the cylinder head. Valve and
valve seat embeds together serve to seal off the combustion chamber regulating the
inlet and exhaust gases. The valve seat insert avoids immediate contact of the valve
with the cylinder head and absorbs part of the combustion heat which is transfered to
the valve by passing it on to the cylinder head. Therefore, misalignment of the valve
seat during manufacturing could result in engine failure. This project proposes a
valve seat insert misalignment measurement using the concept of eddy current
inspection method. Eddy current inspection method permit flaw detection in a large
variety of conductive materials, either ferromagnetic or non-ferromagnetic.
Simulation to study the change in induced current density and magnetic density
around the valve seat and cylinder head due to the magnetic field generated by an
exciting coil was conduct using COMSOL Multiphysics 4.4. Based on the simulation
result, it is observed that the change in gap width between valve seat and cylinder
head will interfere the eddy current path which caused in the change of induced
current density and magnetic flux density.
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ABSTRAK
Sisipan kedudukan injap merupakan salah satu komponen penting di dalam sistem
injap pada sesebuah enjin pembakaran dalam, yang mana ianya merupakan
antaramuka di antara injap dan permukaan silinder. Injap dan sisipan kedudukan
injap beroperasi bersama untuk menutup ruang pengaturan gas masukan dan
keluaran pada kebuk pembakaran. Sisipan kedudukan injap mengelakkan daripada
sentuhan secara langsung di antara injap dan permukaan silinder and menyerap
sebahagian daripada haba pembakaran yangmana dipindahkan kepada injap melalui
permukaan silinder. Oleh itu, kesalahjajaran pada sisipan kedudukan injap semasa
proses pembuatan boleh mengakibatkan kerosakan pada enjin. Projek ini
mencadangkan kaedah pengukuran kesalahjajaran sisipan kedudukan injap
menggunakan konsep kaedah pemeriksaan berasaskan arus pusar. Kaedah
pemeriksaan berasaskan arus pusar berupaya untuk mengesan kecacatan pada
kebanyakan bahan konduktif, samada feromagnet atau bukan feromagnet. Simulasi
untuk mengkaji perubahan ketumpatan arus terjana dan ketumpatan medan magnet
pada sisipan kedudukan injap dan permukaan silinder disebabkan oleh medan
magnet terjana oleh gegelung arus telah dilaksanakan menggunakan perisian
COMSOL Multiphysics 4.4. Hasil daripada simulasi didapati bahawa perubahan
pada lebar jarak di antara sisipan kedudukan injap dan permukaan silinder akan
menganggu putaran arus pusar dan ini akan menyebabkan perubahan kepada
ketumpatan arus terjana pada permukaan dan ketumpatan fluk magnet.
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CHAPTER 1
INTRODUCTION
1.1 Introduction
The Perusahaan Otomobil Nasional which is widely known as PROTON is
Malaysia’s first and largest automobile manufacturer. It was established in 1983 and
launched their first car, the Proton Saga in July 1985. Since then, PROTON had
produce various types of cars, from compact to sedan, luxury, MPV, and MUV.
Their manufacturing and assembly plants are located at Shah Alam, Selangor and
Tanjung Malim, Perak.
One of the crutial part in a car manufacturing is the engine. The engine
requires a large investment of development and manufacturing. To be competitive in
the local market and targeted plan of aggressive competition in global market,
PROTON has to increase the total cost by reducing the cost of manufacturing,
especially in eliminating waste.
Defect part is one of the wastes that need to be eliminated or reduced in
manufacturing. This can be achieved through good practice and proper root cause
analysis, including the proper improvement plan. In order to obtain a good result, a
manufacturing plant needs to do as per plan, check or analyze any possibility and
action based on the given feedback.
Non-destructive systems are utilized as a part of the metal industry and
science with a specific end goal to assess the properties of a  wide variety of
materials without causing damage. The most common non-destructive systems will
be electromagnetic, ultrasonic and liquid penetrant testing. One of the conventional
2electromagnetic techniques used for the inspection of conductive materials , for
example, copper, aluminum or steel is eddy current non-destructive inspection [1].
Electromagnetic systems, for example, eddy current, magnetic particle or
radiographic and ultrasonic methods, all bring electromagnetic or sound waves into
the inspected material to concentrate its properties. Penetrant liquid methods can
detect cracks in the test material by utilizing either fluorescent or non-fluorescent
colors. In addition to these systems, researchers  have researched non-destructive
testing based on a combination of electromagnetic and sound waves utilizing
electromagnetic acoustic transducers, best known as Emats [2, 3].
The standard of the eddy current method is based on the interaction between a
magnetic field source and the test material. This interaction induces eddy currents in
the test piece [1]. Researchers can detect the presence of very small cracks by
monitoring changes in the eddy current flow [4].
This project proposes non-destructive eddy current techniques systems that
could be utilized in detecting the air gap between valve seat and cylinder head and
detect any misalignment occured. The results of eddy current testing are practically
instantaneous, whereas other techniques such as liquid penetrant testing or optical
inspection require time-consuming procedures that make it impossible, even if
desired, to comply with the cycle time located [5].
Eddy current testing permits crack detection in a large variety of conductive
materials, either ferromagnetic or non-ferromagnetic, though other non-destructive
methods, for example, the magnetic particle methods are constrained to
ferromagnetic metals. Another advantage of the eddy current method over other
methods is that inspection can be  executed  without any immediate physical contact
between the sensor and the inspected piece.
Furthermore, a wide variety of inspections and measurements may be
performed with the eddy current method that are beyond the scope of other methods.
The  measurements of non-conductive coating thickness and conductivity could be
possible [6]. Conductivity is identified with the composition and heat treatment of
the test material. In this manner, the eddy current system can likewise be utilized to
recognize the different between pure materials and alloy composition and to
determine the hardness of test pieces after heat treatments [5].
Since the 1950s the role of eddy current testing has developed increasingly in
the  testing of materials, particularly in the airplane and nuclear industries. The
3extensive research and development in highly sensitive eddy current sensors and
instruments throughout the most recent sixty years demonstrates that eddy current
testing is at present a generally utilized inspection method.
This project presents the basis of non-destructive eddy current testing and
provides an overview of the reasearc conducted by many authors who continue to
develop this technique. The fundamentals of eddy current techniques simulation and
the main variables of this technique are presented in Chapter 2 and Chapter 3.
1.2 Problem statement
The most critical sealing surface in the valve train assembly is between the face of
the valve and the valve seat in the cylinder head when the valve is closed. Leakage
between these surfaces reduces the engine’s compression and power and can lead to
valve burning. To ensure proper seating of the valve, the gap between the valve seat
and cylinder head must be not more than 30 micron.
In the manufacturing process, the valve seat was press-fitted into the bore at
the cylinder head with certain pressure, and there is feedback (sensor) to ensure that
the pressure is comply and assuming by this, that the valve seat is properly fitted.
However, misalignment still occurring due to the misalignment of the press-fitted
machine after long working hours. Therefore, an inspection is needed to ensure that
the valve seat was properly fitted to avoid problems when the engine completed and
running.
1.3 Objectives
The aim of this project is to instrumentally detection of valve seat misalignment. The
objectives are to:
(i) Identify the the problem occuring in the engine assembly line.
(ii) Design an instrumental detection system based on the eddy current
detection method.
(iii) Simulate the effects of the designed system.
(iv) Simulate the oscillator circuit.
41.4 Scopes
The project began with a study conducted on the engine assemblying line in Engine
and Transmission Manufacturing Department (ETM), PROTON Shah Alam.
Limitations for the project are:
(i) Design and simulate the measuring concept without hardware
development.
(ii) Measuring system designed only applicable to PROTON CFE engine
block with 4-cylinders and 16-valves.
1.5 Significance of the study
Valve seats plays an important role in automobile engine especially in terms of valve
cooling. Misalignment in press-fitted seats during manufacturing could cause a major
problem, for example, valve recession, uneven in valve wear, or even break the valve
which may caused the engine to totally breakdown. Due to this matter, a
measurement method to ensure the valve seats properly fitted into the cylinder head
based on the effect of the eddy currents to determine the gap width between valve
seats and cylinder head were simulated in this project. Results and analysis of this
project could possibly contribute in the development of the measuring method
proposed to be used in the manufacturing process.
1.6 Thesis arrangement
The project thesis is arranged in five chapters as listed below:
(i) Chapter 1 – Introduction.
Described the overview of the project based on the problem statement.
The objectives of the project were carried out in aiming to solve the
problem limited to the limitations defined in scopes of work.
5(ii) Chapter 2 – Literature review.
Literature on the problems and the reason why it need to be solved were
described here. Past research papers were refered in order to provide the
knowledge and information related to the project. Finally, the basic
principles of method used in the project were described in this chapter as
the preliminary and overview to ensure the capability of the method in
providing a technique to solve the problem.
(iii) Chapter 3 – Methodology.
Started with the factory visited, in gaining information and determined the
problem and its caused. The chapter continues with the mathematical and
geometrical development in providing the preliminary data for the
simulation. Finally the chapter ended with the methodology in the
modeling and simulating in COMSOL Multiphysics.
(iv) Chapter 4 – Results and discussions.
Results obtained from the simulation were analyzed in this chapter. Based
on the analyzed data, it is clearly shows that the gap width between valve
seats and cylinder head will influence the output result.
(v) Chapter 5 – Conclusions and recommendations.
The project and the result were conclude in order to related it back to the
objectives defined in Chapter 1. Recommendation for future works related
to the project were suggested.
CHAPTER 2
LITERATURE REVIEW
2.1 Introduction
The aim of this chapter is to provide reader with basic knowledge in pursuing the
objectives stated in Chapter 1. These include the main subject, engine valve seats and
its purposes in an automobile engine, the effect and impact of valve seat misaligned
and the gap measurement methods available commercially. Basic principle of eddy
currents as the technique used in the inspection of the valve seats and cylinder head
gap width were also described in this chapter. Literature on relevant research papers,
especially on the simulation of eddy current testing method using COMSOL
Multiphysics were made to strengthen the ability of the FEM software in terms of
real case simulation.
2.2 Valve seats
Engine valves control the flow of gasses in and out of engine cylinders. At the point
when intake valves open, air and fuel (air just if the fuel is directly injected to the
cylinder) flow into the cylinder. After the intake valves close, combustion happens
and the exhaust valves open and smoldered gasses flow out of the cylinder.
The valve seat in an internal combustion engine is the surface against which
an intake or an exhaust valve rests amid the portion of the engine working cycle
when that valve is closed. The valve seat is a basic part of an engine in that if it is
improperly situated, arranged, or formed during manufacture, valve spillage will
7happen which will antagonistically influence the engine compression ratio and along
these lines the engine efficiency, performance, exhaust emissions, and engine life.
Valve seats, as shown in Figure 2.1, are frequently formed by first press-
fitting an approximately cylindrical piece of a hardened metal alloy, for example,
Stellite, into a cast dejection in a cylinder head over every possible valve stem
position, and after that machining a tapered area surface into the valve seat that will
mate with a relating conelike segment of the corresponding valve. Generally two
tapered area surfaces, one with a more extensive cone angle and one with a narrower
cone angle, are machined above and underneath the actual mating surface, to form
the mating surface to the best possible width (called "narrowing" the seat), and to
enable it to be appropriately placed regarding the (wider) mating surface of the valve,
in order to give great fixing and heat transfer, when the valve is closed, and to give
great gas-flow characteristics through the valve, when it is opened.
Figure 2.1: Valve seats. (Digital images, Valency Parts
<www.valencypart.com>
There are several ways in which a valve seat may be improperly situated or
machined. These include incomplete seating amid the press fitting-step, bending of
the nominally circular valve seat surfaces such they deviate unsuitably from perfect
roundness or waviness, tilt of the machined surfaces with respect to the valve guide
hole axis, deviation of the valve seat surfaces from concentricity with the valve guide
holes, and deviation of the machined conelike segment of the valve seat from the
cone angle that is obliged to match the valve surface. Automated quality control of
inserted and machined valve seats has generally been extremely hard to accomplish
until the coming of digital holography which has enabled high-definition metrology
for measuring these listed deviations.
82.2.1 Valve seats failure
Valve recession happens when wear of the valve or seat inserts in an automotive
engine has caused the valve to sink or subside into the seat insert as shown in Figure
2.2. Extreme recession leads to valves not seating accurately and cylinder pressure
loss. Leaking hot combustion gasses can likewise cause valve guttering or burning,
which will accelerate valve failure [7].
Figure 2.2: Valve recession [7].
Lewis [7] in his research involved an eight-valve, 1.8 liter, direct injection
diesel engine, with direct acting cams. The engine was redesigns, one of which was
the change from indirect to direct injection [7]. The meant the inclusion of holes in
the cylinder head between the inlet and exhaust ports to accept the fuel injector. A
new seat insert material was likewise being trialed in the tests. The material had solid
lubricants incorporated, which were thought to help enhance machinability and
reduce sliding wear issues at the valve seats interface. Various issues happened amid
preproduction dyno-testing. The new seat insert material exhibited extreme wear (0.3
mm of retreat in 100 hours). Further analysis also revealed that uneven wear of the
seat insert was occurring. This was found to be a result of thermal distortion of the
seat inserts thought to be due to enforced changes in cooling channels to incorporate
the fuel injectors. On cooling the seat inserts returned to their original shape, which
9implied on restarting the valves were not able to seat appropriately and cylinder
pressure loss resulted [7].
Azadi [8] presented a failure analysis on a failed intake valve in a gasoline
engine. During an endurance test, an intake valve was broken and caused on a few
damages on the piston [8]. Material examinations (by a light microscope and also a
scanning electron microscope) were directed on the break surface of the intake valve
shaft. Results demonstrated that no pores or imperfections could be observed and the
microstructure and the hardness of the material were complied with the specification
(the standard guide extracted by the manufacture). Yet a mechanical element caused
the damage which comprised of a reversal bending load because of the misalignment
of the valve shaft. The misalignment was caused by the thermal deformation in the
valve shaft. The engine was working in a hot condition. Likewise, it was a reversal
condition (with zero mean stress) because of the turn of the valve shaft during engine
working. Additionally, the break surface showed beach marks because of cyclic
loadings. In the case study, it was observed that cracks initiated from the external
surface of the valve shaft and propagated through within the crack surface [8].
For the failure analysis of the intake valve, two sorts of root causes were
considered which incorporate mechanical and material phenomena. Mechanical
issues include [8]:
(i) Non-conformance of the geometric measurement and the tolerance of the
intake valve in comparison to the specification (the standard guide).
(ii) An issue in the oil lubrication of the valve system.
(iii) Increasing in the clearance of the valve shaft and guide.
(iv) Misalignment of the valve seat with the valve guide.
(v) Non-planar of the valve guide on the combustion cylinder (of the cylinder
head).
(vi) Other mechanical issues due to piston crashing, valve opening according
to incorrect timing and etc. causes.
Material issues include [8]:
(i) Non-conformance of the chemical composition with the specification
(the standard guide).
(ii) Defects in the microstructure of the intake valve.
(iii) Low hardness of the intake valve and the valve guide.
(iv) The presence of inclusions in the intake valve.
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To explore these variables, examples were taken from the failed intake valve and
prepared by standard strategies for metallurgical examinations.
2.2.2 Valve seats gap measurement
Generally there are two main method of measuring the gap between valve seats and
cylinder head that had been patented that will be described here. Measurement
method with patented number of US 20090123032 A1 was invented by Mitsuhiro
Kanisawa and Mitsuo Tsuborai from Honda Engine Company Limited. They
invented the method and patented it in 2007 and were published in 2009. The other
measurement method was invented by Lee B. Moonen, John S. Agapiou and Daniel
L. Simon from GM Global Technology Operations with patented number of US
8274053 B2. The method was invented and patented in 2010. Both methods were
described below.
Particularly, seat-accommodating attachment parts are formed by cutting in
the cylinder heads, and valve seats are press-fitted into the attachment parts. In the
event that the press-fitting is inadequate, gaps form between the valve seats and the
attachment parts. It is best that these holes do not form, however they are reasonable
to an allowance (10 μm, for instance) in view of nonuniformities in machining. After
press-fitting is complete, it is important to measure the gaps that have formed
between the valve seats and the attachment parts, and to confirm that the gaps are
within an allowable limit [9].
It is preferable that the gaps be automatically confirmes because an automatic
confirmation procedure requires less time. In view of this, gaps could be inspected
with an inspection apparatus that uses a camera and triangular prism mirror such as
disclosed in US Patent No. US 20090123032 A1.
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As shown in Figure 2.3, an inspection apparatus is composed of a triangular
prism mirror; an imaging device for capturing images of a long, thin inspected part; a
binarization device for binarizing the gray images captured by the imaging device; a
substitution device for substituting the binarized images with equivalent ellipsoids;
and a calculation device for calculating the minor axis lengths of the obtained
equivalent ellipsoids.
Figure 2.3: Gap measurement method using camera [9].
After a valve seat is press-fitted into an attachment part provided to a
cylinder head, a triangular prism mirror is made to face a gap between the
attachment part and the valve seat, and an image is taken and binarized.
Based on the present development, there is given a gap measurement device
to measure gap that form between valve seats and attachment parts after the
attachment parts are formed in exhaust ports of an engine and the valve seats are
press-fitted into the attachment parts, wherein the gap measurement device involves
a cylinder, white light-emitting diodes that are provided to one end of the cylinder
and that have an illumination axes orthogonal to the axis of the cylinder, a mirror that
is given to one end of the cylinder and that refracts an optical axis by 90°, a CCD
camera provided to one end side of the cylinder, and a color image  processor for
binarizing color picture data acquired by the CCD camera; wherein the color image
processor performs binarization by assessing the color of every pixel with the three
components hue, chroma, and brightness [9].
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The illumination axis is orthogonal to the imaged surface, as shown in Figure
2.4. Accordingly, there are not likely to be dark areas in the cut-out parts, and the
microscopic burrs are not likely to cause dark areas. Moreover, white light-emitting
diodes are utilized for illumination. These white light-emitting diodes have the
preference of less occurrence of dark areas noise in comparison with red, blue, or
green light-emitting diodes. The material can be significantly recognized by
evaluating hue, the gap can be separated from other portions by assessing chroma,
and the accuracy of binarization based on shading is increased by evaluating
brightness [9].
Figure 2.4: Gap measurement device [9].
As a result of the above, a method can be accommodated precisely measuring
gaps even in cases of inspecting the proximity of a valve seat containing cut-out parts
or microscopic burrs. Mounting the cylinder, the white light-emitting diodes, the
mirror, and the CCD camera on a robot arm eliminates the need to manually insert
cylinders and other components into the exhaust ports. As a result, the measurement
operation can easily be automated and carried out faster.
A method of detecting a gap between a valve seat insert and a port in a
cylinder head may incorporate heating the valve seat insert and the cylinder head and
generating a thermal image of the valve seat insert and the cylinder head at an
interface between the valve seat insert and corresponding port in the cylinder head
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housing the valve seat insert. The thermal image may be assessed to determine the
magnitude of a gap between the valve seat insert and the cylinder head based on a
temperature at the interface between the valve seat insert and the cylinder head. This
method was patented in US Patent No. US 8274053 B2.
An engine valve seat gap assessment system may include a thermal camera
assembly, an apparatus having a first end coupled to the thermal camera assembly,
and a mirror coupled to a second end of the fixture opposite the first end. The
thermal camera assembly may incorporate an infrared sensor. The mirror may be
adjusted to be located within an engine port to direct infrared radiation from a gap
between a cylinder head and a valve seat insert to the infrared sensor [10].
A technique for detecting a gap between a valve seat insert and a port in a
cylinder head may incorporate heating the valve seat insert and the cylinder head and
generating a thermal image of the valve seat insert and the cylinder head at an
interface between the valve seat insert and corresponding port in the cylinder head
housing the valve seat insert. The thermal image may be assessed to determine the
magnitude of a gap between the valve seat insert and the cylinder head based on the
thermal image at the interface between the valve seat insert and the cylinder head, as
shown in Figure 2.5.
Figure 2.5: IR thermal image system [10].
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The thermal image may be created by located a mirror coupled to a first end
of a fixture within the port at the interface and reflecting infrared radiation at the
interface to an infrared sensor of a thermal camera assembly coupled to a second end
of the apparatus. The infrared radiation reflected by the mirror may give a 360o
image of the interface to the thermal camera assembly.
The IR thermal imaging system may include an IR transparent fixture coupled
to a thermal camera. The fixture may incorporate a first end fixed to the thermal
camera and second end having a mirror fixed thereto. The mirror may be located
within the intake port. An external prism mirror may be used in place of the internal
prism mirror. The present disclosure applies equally to both internal and external
prism mirror. The internal prism mirror may be made transparent to IR by using
materials including, but not limited to, sapphire, quartz, NaCl, PtSi, or Ge depending
on the IR detector wavelength selection [10].
2.3 COMSOL Multiphysics
Computer simulation has turned into a fundamental standard of science and
engineering. Digital analysis of components, is important when creating new items or
optimizing designs. Today a huge range of alternatives for simulation is accessible;
researchers use everything from fundamental programming languages to a numbers
of high-level packages implementing advanced methods.
It would be perfect, then, to have a simulation environment that incorporated
the possibility to add any physical effect to the simulated model. That is the thing
that COMSOL is about. It's an adaptable stage that permits even beginners to model
all important physical parts of their designs. Advanced userd can go deeper and
utilize their knowledge to develop customized solutions, applicable to their unique
circumstances.
COMSOL Multiphysics (product of COMSOL Inc.) is a general purpose
software platform, based on advanced numerical methods, for modeling and
simulating physics-based problems. With COMSOL Multiphysics, researcher will
have the ability to simulate for coupled or multiphysics phenomena. With more than
30 extra items to browse, researcher can further stretch the reenactment stage with
dedicated physics interfaces and tools for electrical, mechanical, fluid flow, and
15
chemical applications. Additional interfacing products coonect COMSOL
Multiphysics simulations with technical computing, CAD and ECAD software.
2.3.1 Modeling and simulating eddy current
Babbar utilized pulsed eddy current technology to detect inner layer defects in
multilayered conductive structures [11]. The finite element modeling was done using
COMSOL Multiphysics 4.3 software. The two-fold symmetry in the model geometry
was utilized to produce a half-model instead of a full-model in order to save
computer resources and reduce computation time. For the same reason, sample plates
of reduced size and circular geometry were used. The numeric type driving and
pickup coils were modeled [11]. A solved 3D half-model of a central-driver-
differential-pickup (CDDP) probe on a sample of aluminium plates is shown in
Figure 2.6. The sample consists of an upper plate of thickness 1.6 mm, a middle plate
of thickness 2.0 mm and a lower plate of thickness 0.4 mm.
Figure 2.6: Front view of a solved 3D finite element half-model simulating the
x component of the current density for the CDDP probe used in the experiment [11].
The differential response of the two pick-up coils, one mounted over the
crack region and second on the no-crack region, may be considered in terms of
differences in induced transient response of eddy currents within the conductor. The
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amplitude of the differential pick-up signal was found to decrease non-linearly with
increase in crack depth [11]. The time-to-peak of the differential signal increased
linearly with crack depth up to the maximum modeled depth of 4.8 mm. The
variations of peak amplitude and peak position as a function of time are in good
agreement with the experimental observations. These observations indicate that finite
element modeling can be used to test new probe designs and predict probe response
to cracks in the vicinity of ferrous fasteners.
Naveen [12] presented a contacless measurement technique to examine
products during the process by designing a modular eddy current sensor, developed
using various materials. The sensor consists of two parts, a single-turn excitation coil
and an anistropic-magneto-resistance (AMR) sensor. The sensor is intended to be
applied for the detection of cracks in ferrous and non-ferrous metals. The AMR
sensor detects the change of the magnetic field induced in a sample by the excitation
coil. Initial investigations were conducted to prove the capability of the completed
eddy current micro sensor [12].
To determine the optimal sensor design, the researcher carried out simulation
using COMSOL Multiphysics simulation software. The simulations were conducted
by modeling the excitation coil of the modular eddy current sensor as a ring out of
copper, Cu [12]. The inner diameter is 360 µm, the outside diameter is 560 µm and
its height amounts to 5 µm. The simulations were conducted by modeling the AMR
sensor of the modular eddy current sensor as of Ferum, Fe, and Aluminium, Al. The
single-turn excitation coil has a footprint of 620 µm X 780 µm. For the AMR sensor
geometrically, a meander-like structure was chosen. The total length of the meander
amounts to 855 µm. The width of the leads is 20 µm, and the insulation distance
between the leads amounts up to 5 µm (as shown in Figure 2.7).
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Figure 2.7: Design of the modular eddy current sensor [12].
The results were compared to the simulated magnetic field in the surface area.
The sensor is simulated with ferum, Fe, and aluminium, Al, materials. The sensor is
simulated when the position of the sensor is exact on the surface of the sample and
half of the sensor placed on the surface of the sample. The measurements were
conducted for a variation of the magnetic field strength of 400 A/m to 600 A/m [12].
He concluded that a modular design of an eddy current sensor was
succesfully developed using various materials. Simulations show that the magnetic
field variations in the excitation coil and surface of the sample [12]. The sensor is
simulated in two cases as exact on the surface of the sample and half of the sensor is
placed in the surface of the sample. The results (as shown in Figure 2.8 and Figure
2.9) were compared with both simulations, the better performance was achieved with
the usage of ferum material because the more distortion occurred when aluminium
material being used. The small dimensions of such a micro sensor enable the
accumulation of information in areas which have not been accessible so far. The
sensor can be applied for the detection of defects smaller than 50 µm in electrically
conducting samples.
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Figure 2.8: Simulation result for the sensor is placed
exact on surface of the sample when 400 A/m [12].
Figure 2.9: Simulation result for half of the sensor is placed
on the surface of the sample when 600 A/m [12].
Alternating current flow through a wire placed just above a conducting
material induces eddy currents at the surface of the conductor. Any surface cracks in
the conductor modify the eddy current distribution, creating a magnetic field
signature unique to the crack. The magnitude of the signal depends on the
amplitudeof the current in the wire, the proximity and relative alignment of the
sensor to the crack, and the position of the crack relative to the “no-crack” eddy
current distribution. Optimization of the wire and sensor probe must also take into
account the heat generated in the wire. The geometry of the probe must allow both
the wire and the sensor to be as close to the surface and the crack as possible.
Weststrate developed COMSOL models to optimize the design of eddy current
probes for crack detection under a variety test object geometries [13].
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He developed a COMSOL model of the basic geometry. The drive coil and
the eddy currents in the substrate were modeled in 3D. The work utilized the AC/DC
module in COMSOL 3.5a and 4.0. The skin depth of the eddy currents and the
physical size of the crack are very small, on the scale of tens micrometers, while the
coil is meso scale, up to several mm in diameter, and the air space around the system
and the substrate are large enough to allow the fields to decay smoothly to zero. The
multi-turn drive coil was modeled as a square cross section button with a uniform
current distribution. Swept mesh for the coil was chosen to obtain best field
uniformity. The substrate was divided into several domains to provide additional
control over the  mesh size while managing memory and CPU load. The crack was
meshed first with a suitably fine element size to provide adequate mesh resolution at
the surface. The top surfac of the substrate was then meshed with the element size
allowed to grow rapidly from the crack to the edge of the substrate. This surface
mesh was then swept through the substrate to allow fine layers near the surface and
coarser ones at the bottom [13].
Figure 2.10 shows the modeled and the results obtained from the COMSOL
simulation. As expected, the flow of the eddy currents is generally tangential except
within a few skin depths of the crack, where the current flows around it. This
deviation in the current direction creates in-plane components of the magnetic field.
(a)                                                                 (b)
Figure 2.10: COMSOL model of eddy currents around a crack.
(a) Mesh used for calculations [13].
(b) Eddy current in a plane of the substrate
around the crack [13].
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2.4 Eddy current testing
Eddy current testing is based on the principles of electromagnetic induction and is
utilized to identify or differentiate a wide variety of physical, structural, and
metallurgical conditions in electrically conductive ferromagnetic and non-
ferromagnetic metals. The part to be tested is put inside or adjacent to an electric coil
in which an alternating current (AC) is flowing. This will causes eddy current to flow
in the part as a result of electromagnetic induction.
Eddy current testing could be used to:
(i) Surface crack detection.
Normally carried out with pencil probes or pancake type probes on
ferrous or non-ferrous metals. Frequncies from 100kHz to a few
MHz are commonly used. Depending on surface consition it is
usually possible to find cracks as small as 0.1 mm [14].
(ii) Non-ferrous metal sorting.
This is essentially conductivity testing. From the impedance plane
diagram, it will be seen that the indication from a conductivity
change is essentially the same as from a crack, and both meter and
impedance plane type crack detectors can be successfully used to
sort similar metals using a suitable absolute probe [14].
(iii) Sub-surface crack and corrosion detection.
Primarily used in airframe inspection. By using a low frequency and
a suitable probe, eddy currents can penetrate aluminium or similar
structures to a depth of 10 mm, allowing the detection of second and
third layer cracking, which is invisible from the surface, or thinning
of any of the different layers making up the structure [14].
(iv) Heat exchanger tube testing.
Heat exchangers used for petrochemical or power generation
applications may have many thousands of tubes, each up to 20 m long.
Using a differential ID ‘bobbin’ probe these tubes can be tested at high
speed (up to 1 m/s or so with computerized data analysis.) and by
using phase analysis defects such as pitting can be assessed to an
accuracy of about 5% of tube wall thickness. This allows accurate
estimation of the remaining life of the tube allowing operators to
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decide on appropriate action such as tube plugging, tube replacement
or replacement of the complete heat exchanger [14].
(v) In-line inspection of steel tubing.
Almost all high quality steel tubing is eddy current inspected using
encircling coils [14].
(vi) Ferrous weld inspection.
The geometry and heat induced material variations around welds in
steel would normally prevent inspection with a conventional eddy
current probe, however a special purpose ‘WeldScan’ probe has been
developed which allows inspection of welded steel structures for
fatigue-induced cracking, the technique is particularly useful as it
may be used in adverse conditions, or even underwater, and will
operate through paint and other corrosion-prevention coatings [14].
Due to eddy current testing is an electromagnetic induction technique, no
direct electrical contact with the part being inspected is required. Eddy current is
adaptable to high speed inspection, and because it is non-destructive, it can be used
to inspect an entire production output if desired. The method is based on indirect
measurement, and the correlation between instrument readings and the structural
characteristics and serviceability of parts being inspected must be carefully and
repeatedly established.
2.4.1 Eddy current testing principles
Eddy current testing principles were made up from several basic electrical and
electromagnetic properties. To elaborate those properties, a transformer model is
used to demonstrate the fundamentals of eddy current induction and the impedance
changes that occur in coil sensors [15].
2.4.1.1 Electromagnetic induction and eddy current inspection
Equation (2.1) below defined the complex number of impedance parameter Z0 which
characterize each coil in a transformer. The equation represents the voltage-current
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ratio (V0/I0) for a single frequency sinusoidal excitation, f [15]. Impedance Z0 has a
magnitude |Z| and a phase, φ:
= = + = + 2 = + ( ) = | | (2.1)
When a coil energized with an alternating current (AC), it creates a time-
varying magnetic field. The magnetic lines of flux tend to be concentrated at the
center of the coil. Eddy current testing is based on Faraday’s electromagnetic
induction law as shown in Equation (2.2) [15]. Faraday discovered that a time-
varying magnetic induction flux density induces currents in an electrical conductor.
The electromotive force, ε is proportional to the time-rate change of the magnetic
induction flux density ΦB.
= − (2.2)
When an alternating current (AC) energized coil of impedance Z0 approaches
an electrically conductive non-ferromagnetic material, the primary alternating
magnetic field penetrates the material and generates continuous and circular eddy
currents. The induced currents flowing within the test piece generate a secondary
magnetic field that tends to oppose the primary magnetic field, as shown in Figure
2.11. This opposing magnetic field, coming from the conductive material, has a
weakening effect on the primary magnetic field. Thus, the new imaginary part of the
coil impedance decreases proportionally when the eddy current intensity in the test
piece increases [16]. Eddy currents also contribute to the increasing of the power
dissipation of energy that changes the real part of coil impedance. Measuring this
coil impedance variation from Z0 to ZC, by montoring either the voltage or the
current signal, may reveal specific information such as conductivity and chemical
composition of the test piece[17].
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Figure 2.11: Primary and secondary magnetic field.
Eddy current on the test piece [18].
2.4.1.2 Complex impedance plane
The coil impedance changes when a coil probe interats with materials. When there is
no test piece close to the coil sensor, its impedance Z0 is a complex value, as shown
in Equation (2.3) below:
= + (2.3)
where R0 and jX0 are the real and the imaginary part of Z0. The component X0=2πfL0
is proportional to frequency f and the induction coefficient, L0.
When a conductive test material approaches the energized coil probe, eddy
currents appear on the test piece. Eddy currents create a secondary field that interacts
with the primary field. As a result, the new impedance is Zc as shown in Equation
(2.4): = + (2.4)
where Rc and jXc represent the real and imaginary parts of Zc, then Xc=2πfLc is
proportional to frequency f and the induction coefficient Lc when a test piece is close
to the coil.
Coil impedance is a 2-Dimensional variable, and the real part of impedance,
and the Y-axis represents the imaginary part. Real and imaginary impedance parts of
Zc can be redefined as Rcn and Xcn to obtain the normalized impedance as shown in
Figure 2.12. Equation (2.5) indicates the transformation.
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= ; = (2.5)
Figure 2.12: Normalized impedance plane. Lift-off curves and crack displacement at
impedance plane for 2 values of conducticity P1 and P2 [16].
2.4.1.3 Non-ferromagnetic material approach
Encircling eddy currents will appear when a non-ferromagnetic material of
conductivity σ1 approaches the coil probe. The displacement of the normalized
impedance plane is the line from the air point, P0 to P1. This is the lift-off line for this
material, in which conductivity is σ1. At P1 Rcn1 > 0 as eddy currents create additional
power dissipation on the test piece. However, Xcn1 < 1, which means that Xc < X0.
This is the effect of weakening the total field inside the coil core due to the
secondary magnetic field from eddy currents [15].
If less conductive material (σ2) is approached, σ1 > σ2, the displacement is
along another lift-off line from air point P0 to P2. Eddy current flow decreases with
respect to P1 [15]. Thus, the change of resistivity of the coil is smaller than P1 as 0 <
Rcn2 < Rcn1. The secondary magnetic field, due to eddy currents, is not as strong as P1
so that Xcn1 < Xcn2 < 1.
When a flaw is present in the test piece, it obstructs the eddy current flow, as
shown in Figure 2.13. There is a displacement from P1 to P2. This causes the eddy
current path to become longer, and the secondary magnetic field from the eddy
currents is reduced [15]. As a conclusion, the real part of impedance Rcn+crack, which
is related to eddy current dissipation, decreased Rcn > Rcn+crack. Furthermore, the sum
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